ABSTRACT A Þeld population of Culex (Culex) nigripalpus Theobald from Vero Beach, FL, sampled monthly over a period of 24 mo, a colony sample and 10 geographic samples were analyzed for genetic variation at 14 enzyme loci using polyacrylamide gel electrophoresis. The Cx. nigripalpus colony sample showed signiÞcantly lower genetic variation than the Þeld-collected samples, measured by mean number of alleles per locus (colony 1.4 Ϯ 0.1 versus Þeld 2.1 Ϯ 0.22), percentage of polymorphic loci (colony 35.7% versus Þeld 54.8 Ϯ 7.7%), but mean observed heterozygosity (H o ϭ colony 0.16 Ϯ 0.07 versus Þeld 0.17 Ϯ 0.03) and mean HardyÐWeinberg expected heterozygosity (H e ϭ colony 0.14 Ϯ 0.06 versus Þeld 0.18 Ϯ 0.02) did not differ signiÞcantly. Three of the 14 loci (Aldox, Gpd, and Gpi) from the Vero Beach Þeld samples showed distinct temporal patterns in the frequency of the most common allele. Higher mean observed heterozygosity (H o ) occurred during months following high rainfall in the Vero Beach Þeld samples than during months following low rainfall. The average Nm value of 3.6 indicated high gene ßow among the temporally distributed samples of the Vero Beach population. Genetic variability values between geographic samples from Panhandle, FL and south Florida were not signiÞcant. Gene ßow estimates based on F ST ϭ 0.039 provided a Nm of 6.2 indicating high levels of gene ßow among the geographic samples of Cx. nigripalpus. The average NeiÕs and modiÞed RogersÕ genetic distances among the 10 populations were 0.009 Ϯ 0.001 and 0.081 Ϯ 0.004, respectively. The cluster analysis did not suggest geographic clustering. Because Cx. nigripalpus is the vector of St. Louis encephalitis (SLE) in Florida, temporal and geographic genetic variation in this species is discussed in relation to the seasonal and geographic SLE virus activity in Florida.
Culex (Culex) nigripalpus THEOBALD is the principal vector of St. Louis encephalitis (SLE) virus in Florida
. It is a tropical species, occurring from the southeastern United States to the northern parts of South America. In the United States, it is abundant only in Florida (Provost 1969 , Nayar 1982 . Provost (1969) analyzed 8-yr records from New Jersey light traps, operated nightly throughout the year, at the Florida Medical Entomology Laboratory (FMEL), Vero Beach, FL, and observed that Cx. nigripalpus collections were low from January to March, slowly increased from April through June, peaked during July through September (coinciding with an increase in rainfall) and decreased from October through December. He concluded that the rate of decline depended upon the weather conditions for that year. Later, Nayar (1982) showed that larval abundance of Cx. nigripalpus followed the same seasonal pattern as adult collections and was associated with the JuneÐNovember rainy season in Florida. Subsequent studies have shown that all aspects of the life cycle of Cx. nigripalpus are governed by seasonal rainfall. The number of broods and generations of this multivoltine species vary each year depending on the frequency of rainfall and/or artiÞ-cial ßooding (Nayar 1982, Day and Curtis 1993) , on blood-feeding behavior (Edman 1968, Day and Curtis 1989) , and on oviposition behavior (Day et al. 1990) .
SLE is endemic in south and central Florida. A compilation of sentinel chicken surveillance and human infection data has shown that SLE virus activity coincides with the summer and fall rainy months and is greatest in the southern region, the central region, and the southern part of the northern region of Florida (Chamberlain et al. 1964 , Dow et al. 1964 , Shroyer 1991 , Day and Stark 1996 , 2000 . The above observations indicated that several biological traits of Cx. nigripalpus vary seasonally and this may be due to dif-ferences in the genetic structure of Cx. nigripalpus populations during different times of the year in south and central Florida and possibly differences between the populations of north and south Florida. Acquisition of genetic variation information of this species is basic to understanding possible seasonal and geographic differences among populations that may explain the occurrence of SLE virus activity during different seasons and in different geographical areas in Florida. The objectives of the current study were two-fold; Þrst to characterize seasonal variation in genetic values in a Vero Beach population of Cx. nigripalpus and to determine if this variation could be attributed to speciÞc enzyme markers, and second to determine, if there are any distinct differences in gene proÞles among geographic populations of Cx. nigripalpus throughout Florida.
Materials and Methods

Mosquito Collection
Seasonal Studies. Egg rafts of Cx. nigripalpus and other Culex species were collected in black oviposition pans, placed near the edge of a wooded area, during the Þrst week of each month, from January 1999 through December 2000, at the FMEL in Vero Beach (latitude 27Њ 39Ј north and longitude 80Њ 25Ј west), Indian River County, FL. Each egg raft was placed in an individual vial for hatching and Þrst instar larvae were identiÞed. Larvae from 16 egg rafts of Cx. nigripalpus were reared to the adult stage following standard methods (Knight and Nayar 1999) . Larvae from 16 egg rafts were also reared from a Cx. nigripalpus colony (after 25 generations) established in 1997. One or two sugar fed females, 3-to 4-d-old, from each raft to make 24 females/sample were frozen individually in Eppendorf tubes at Ϫ80ЊC for isoenzyme assays.
Geographic Studies. Egg rafts, larvae and/or adults of Cx. nigripalpus from 10 geographically distant locations were collected from the four phytogeographic areas (Bell and Taylor 1982) in Florida (Table 1) during the months of July and August in 2000. Generally, this is the time of the rainy season in Florida and Cx. nigripalpus densities start to increase (Provost 1969 , Day and Curtis 1993 , 1994 . Each sample was at least 100 km distant from an adjacent sample. All the Þeld collected larvae were reared to the adult stage. Field-collected females were blood-fed on chickens in the laboratory and allowed to lay egg rafts. These egg rafts and those collected from the Þeld were hatched in individual vials, identiÞed and 16 egg rafts from each sample were reared to the adult stage as above. One or two sugar fed females, 3-to 4-d-old, from each raft to make 24 females/sample were frozen individually in Eppendorf tubes at Ϫ80ЊC for isoenzyme assays.
Electrophoretic methods: Preparation of individual mosquitoes, buffer systems and electrophoretic protocols followed after Black and Munstermann (1996) . Mini-Protean II Cell (Mini-vertical electrophoretic system from Bio-Rad Laboratories, Hercules, CA) was used for these studies. Each female was homogenized in 30 l of loading buffer (20% sucrose, Triton X-100 [0.5%], Tris-citrate pH 7.0 electrode buffer and trace amount of bromophenol blue tracking dye), and centrifuged for 10 min at 2,000 g. The supernatant (24 l) was dispensed equally (3 l) into 8, 0.5 ml Eppendorf tubes and frozen at Ϫ80ЊC until used for electrophoresis. At the time of electrophoresis, a 1.0 l sample was used in each gel.
The enzymes tested are listed below by name, abbreviation and Enzyme Commission number: aconitase hydratase (Acoh, EC 4.2.1.3); aldehyde oxidase (Aldox, EC 1.2.3.1); esterase-6 (Est-6, EC 3.1.1.1); glycerol-3-phosphate dehydrogenase (Gpd-2, EC 1.1.1.8), glucose-6-phosphate isomerase (Gpi, EC 5.3.1.9); hexokinase (Hk-2, Hk-3 and Hk-4, EC 2.7.1.1.); phosphogluconate dehydrogenase (Pgd, EC 1.1.1.44), phosphoglucomutase (Pgm, EC 5.4.2.2.). These enzymes were assayed using a Tris-borate-EDTA buffer system (Munstermann 1979, Steiner and Joslyn 1979) . (Bell and Taylor 1982) .
b Adults were collected using CDC (Centers for Disease Control, Atlanta, GA) light traps augmented with dry ice: larvae were collected from natural breeding sites (ditches, ponds); and eggs were collected in black oviposition pans containing oak leaf infusion.
Three other enzymes, adenylate kinase (Ak, EC 2.7.4.3), isocitrate dehydrogenase (Idh-1 and Idh-2, EC 1.1.1.42); and malate dehydrogenase (Mdh, EC 1.1.1.37) were assayed using a Tris-citrate buffer system (Munstermann 1979, Steiner and Joslyn 1979 ). An average of 24 Cx. nigripalpus females from each sample was analyzed for 11 enzymes that provided 14 putative genetic loci. Reference control females of Aedes aegypti L.(ROCK strain) provided by P. Grimstad, University of Notre Dame, IN, were included on each gel. This strain of Ae. aegypti is a highly inbred strain and has been maintained at the laboratory at Notre Dame University for more than 50 yr (Munstermann 1994) . The most common allele at each locus for Ae. aegypti was used as the reference standard and given a mobility value of 100. Migration distance for all other alleles was recorded as proportional values of the Ae. aegypti standard. The gels were stained using standard enzyme-speciÞc histochemical staining methods (Murphy et al. 1990 , Munstermann 1979 , Steiner and Joslyn 1979 . The gels were dried and stored using dialysis membrane after the method of Black and Munstermann (1996) . The banding patterns of isozyme phenotypes of the 14 presumptive loci were used as the basis to record isozyme genotypes.
Statistical Analysis. Genetic variation was analyzed by using a BIOSYS-2 Program for desktop computer (Black 1997 ). This program is a modiÞcation of BIO-SYS-1 (Swofford and Selander 1981) .
Voucher Specimens. A selection of fourth-instar larvae, adult specimens of Culex nigripalpus from the Vero Beach population and from geographic samples have been deposited in the entomological collection of the Peabody Museum of Natural History at Yale University, New Haven, CT.
Results
Genetic variability values of Cx. nigripalpus Þeld samples from Vero Beach, FL, and of the colony samples are presented in Table 2 . The colony sample of Cx. nigripalpus showed signiÞcantly lower genetic variation than the Þeld samples, measured by mean number of alleles per locus (colony 1.4 Ϯ 0.1 versus Þeld 2.1 Ϯ 0.22, t ϭ -4.27, df ϭ 24, P Ͻ .001), percentage of polymorphic loci (colony 35.7% versus Þeld 54.8 Ϯ 7.7%, t ϭ Ϫ3.4, df ϭ 24, P Ͻ 0.002), but mean observed heterozygosity (H o ϭ colony 0.16 Ϯ 0.07 versus Þeld 0.17 Ϯ 0.03, t ϭ Ϫ0.137, df ϭ 46, P Ͼ 0.5) and mean Hardy-Weinberg expected heterozygosity (H e ϭ colony 0.14 Ϯ 0.06 versus Þeld 0.18 Ϯ 0.02, t ϭ Ϫ0.632, df ϭ 46, P Ͼ 0.5) did not differ signiÞcantly ( Table 2 ). The colony sample was not homogenous and had an average of 5.5 Ϯ 0.5 polymorphic loci compared with an average of 9.5 Ϯ 0.03 polymorphic loci in Þeld samples (t ϭ -4.18, df ϭ 24, P Ͻ 0.001).
Culex nigripalpus samples collected monthly over the two-year study period showed a trend in genetic variation during 1999 but not during 2000 (Table 2) . Values of H o from September through December 1999 were signiÞcantly higher (0.20 Ϯ 0.01 versus 0.15 Ϯ 0.01, t ϭ Ϫ3.2, df ϭ 10, P Ͻ 0.009) than those from January through August 1999. However, a similar pattern was not observed for samples collected during Tabachnick (1992) indicated that seasonal trends become apparent from periodic samples 2 to 4 mo apart rather than monthly samples. Hence, when allele frequency data were plotted at alternate months, temporal trends became apparent in the most common allele for three (Aldox, Gpi, and Pgd) of the 14 loci (Fig. 1) 3 Ϯ 2.3%) . The H e in Acoh, Mdh, and Idh-2 ranged from 6.8 Ϯ 1.5% to12.2 Ϯ 1.9%. The H e for Ak-2, Gpd-2 and Idh-1 showed little variation (0.9 Ϯ 0.7% to 2.4 Ϯ 0.8%). Est-6 was monomorphic.
Chi-square tests showed that the colony sample was in HardyÐWeinberg equilibrium. However, 75% of the Þeld samples showed departures from HardyÐWein-berg expectations for at least one locus. A total of 31 deviations appeared in 336 comparisons (9.2%). This was signiÞcantly different than the 5% expected by chance alone ( 2 ϭ 12.63, df ϭ 1, P Ͻ 0.05). Deviations at one locus, Aldox accounted for 35.5% of the 31 deviations.
Wright (1980) F ST was 0.0643 among the 24 Þeld samples. The positive, but low value for F ST indicated minimal population substructuring. The absolute migration rate (Nm) was estimated using the formula F ST ϭ 1(1ϩ Nm) or Nm ϭ (1-F ST )/4 F ST , where N is the number of diploid individuals and m is the migration rate or fraction of the population replaced by immigrants each generation. The estimate for Nm of 3.6 indicated high gene ßow among the temporally distributed samples of the Vero Beach population of Cx. nigripalpus.
Genetic variability values of geographic samples of Cx. nigripalpus from Florida are presented in Table 3 . The most common allele for each locus was indicated in each of the 10 geographic samples examined. The mean number of alleles per locus per sample was 2.2 Ϯ 0.17 with Aldox having as many as Þve alleles per locus in a sample from one location. The average number of polymorphic loci per sample was 55.7 Ϯ 4.5%, the mean observed (H o ) and the mean HardyÐWeinberg expected (H e ) heterozygosity was 0.20 Ϯ 0.03 (Table  3 ). The mean percent heterozygosity (H e ) per locus for 14 loci among the 10 samples, based on the pres- The average values of NeiÕs (1978), and modiÞed RogersÕ genetic (Wright 1978 ) distances (D) among 10 geographic samples of Cx. nigripalpus were very low, 0.009 Ϯ 0.001 and 0.081 Ϯ 0.004, respectively. These low values indicated that the samples of Cx. nigripalpus were not divergent and cluster analysis did not suggest any geographic clustering.
Discussion
Several temporal trends were observed in the genetic variation of a Cx. nigripalpus population sampled over two years from the same site in Vero Beach, FL. Comparison of genetic variability parameters between a Cx. nigripalpus colony sample and monthly Þeld-collected samples showed that most of the parameters for genetic variation in the colony sample were signiÞcantly lower than Þeld samples. These results are consistent with previous studies on colonization of other species of Culicidae, Ceratopogonide and Pyschodidae (Tabachnick 1992 , Munstermann 1994 , Mukhopadhyay et al. 1997 ) which showed that colonization alters the genetic makeup of the colony that is usually expressed as a decrease in mean number of alleles per locus, lower percent of polymorphic alleles, and mean heterozygosity than the Þeld samples.
Average temporal genetic variability measures observed in Þeld- 1999) that showed little variation among samples that were sampled multiple times during the year.
Three (Aldox, Gpi, and Pgd) of the 14 loci among 24 samples of Cx. nigripalpus showed a repeatable seasonal pattern in the frequencies of the most common allele when allele frequency data were plotted at alternate months. These results indicated that seasonal genetic variation in Þeld-collected Cx. nigripalpus samples was low. Similar low seasonal variations in the frequencies of some of the most common alleles among three of the six populations of Cx. tarsalis collected repeatedly during a year in California were demonstrated by Gimnig et al. (1999) . These authors concluded that although some loci exhibited some seasonal variation over a season, no locus varied consistently in all six populations. Seasonal variation also was demonstrated in samples of Cx. pipiens complex collected from June to November from Memphis, TN (Pryor and Daly 1991) . These authors showed the dominant alleles of hexokinase (Hk) and 6-phosphogluconate dehydrogenase (Pgd) signiÞcantly increased in frequency perhaps due to seasonal selection based on temperature.
We believe that seasonal ßuctuations in climate with associated effects on Cx. nigripalpus population size is the most likely explanation for the observed trends in Cx. nigripalpus variation. Vero Beach, in Indian River County, FL, does not have wide seasonal ßuctuations in temperature. The average temperature during the months of January through April 1999 and 2000 was 19.1 Ϯ 0.7ЊC. The summer-fall (June through October) temperatures averaged 26.5 Ϯ 0.4ЊC. Temperatures during November and December averaged 19.4 Ϯ 1.0 (National Oceanic & Administrative AdministrationÐ NOAA data for Vero Beach Municipal Airport, Vero Beach, FL, located 10 km from the Þeld collection site). Consequently, Cx. nigripalpus produces new emerging broods in Vero Beach (Indian River County), FL throughout the year even though mosquito development may be slower during winter months due to colder temperatures (Nayar 1982) . However, production of Cx. nigripalpus does vary with rainfall, and survival of adults varies inversely with temperature and drought, therefore the interplay of rain and temperature establishes the pattern of Cx. nigripalpus abundance (Provost 1969, Day and Curtis 1993) . Provost (1969) also concluded that the relationship between rainfall and numbers of Cx. nigripalpus was linear, whether compared on an annual or monthly basis. The relationship is dependent on the ground-water table, which controls the expansion of breeding surfaces from a rainfall event and the critical effect of relative humidity on the adult behavior.
Comparison of the rainfall pattern with mean observed heterozygosity (H o ) (Fig. 2) showed that in samples collected from September through November 1999, when there was more rainfall (above 5 cm per week for several weeks) allowing a build up of the population numbers, values of H o (0.20 Ϯ 0.01) were signiÞcantly higher (t ϭ Ϫ3.2, df ϭ 10, P Ͻ 0.01) than in months with less rainfall (Ͻ5 cm/mo) (0.15 Ϯ 0.03). The only exception in 1999 was in the sample collected in May 1999 that showed higher values of H o , even though recorded rainfall was lower than 5 cm during the preceding months. In 2000, higher values of H o were observed in February, after 8.1 cm of rainfall in January, and in September and November after signiÞcant rainfall in July, and again in September and October. The only exception was in June, 2000, when higher values of H o were observed in that collection after very little recorded rainfall from February through May. In general, with few exceptions, during the months when there was more rainfall (Ͼ5.0 cm/ mo) the samples collected the following month showed higher genetic variability (H o values) as compared with samples collected after months when there was low rainfall (Fig. 2) .
The increase in observed heterozygosity (H o ) in months following substantial rainfall may be due to the increased activity of Cx. nigripalpus subpopulations. Culex nigripalpus is a woodland nonmigratory species that rests in heavily shaded woodlands or swamps by day, and only relatively small numbers venture outside the woodlands for up to a maximum of two km at night (Nayar 1980) . The dispersal of this species also is affected by high relative humidity (RH) above 90% after sunset, and largest numbers of dispersing females were collected during the night when the RH was high 1 h after sunset (Provost 1974) . Consequently, during periods of low RH there was very little or no dispersal because very few adults were collected during those nights. The average Nm of 3.6 observed in this study suggests that substantial amount of mixing of the subpopulations occurred during the months when substantial rains occurred, thus resulting in higher observed heterozygosity (H o ) in samples collected in months following higher rainfall. These studies thus suggest that higher observed heterozygosity (H o ) in samples collected in months following rainfall correlates with abundance of Cx. nigripalpus as well as the occurrence of SLE virus transmission to sentinel chickens and occasionally to humans in south-central Florida Stark 1996, 2000) .
The Cx. nigripalpus geographic samples from different localities distributed from the Panhandle in north-west Florida to Lee and Broward counties in south Florida did not demonstrate extensive genetic differentiation. All geographic samples from north Florida to south Florida were closely related showing only minor differences in selected common heterozygotes. The lack of genetic diversity observed among different geographic samples from north to south Florida were most probably due to the fact that all collections of these geographic samples of Cx. nigripalpus were made during the months of July and August in 2000. The average temperature at all the geographic locations, either at the collection site or within Þve km of the collection site, was 27.5 Ϯ 0.17ЊC (range, 26.0 Ð 29.2ЊC) and the average total rainfall was 16.0 Ϯ 1.06 cm/mo (9.4 Ð21.8 cm/mo) (data from National Oceanic and Atmospheric Administration). The above mention studies with the Vero Beach Cx. nigripalpus population showed that during months when there was more rainfall (Ͼ5.0 cm/mo) the samples collected the following months showed higher genetic variability (H o ) as compared with samples collected after months when there was low rainfall (Ͻ5.0 cm/mo). Correspondingly, since the geographic samples for the current study were collected when the rainfall was Ͼ 5 cm in the months preceding the collection all over Florida, resulting in larger populations of Cx. nigripalpus, even though genetic variability was high (H o ϭ 0.20 Ϯ 0.01), genetic variability among the geographic samples was minimal.
The current study detected only minor genetic differences among the geographic samples of Cx. nigripalpus from north to south Florida based on 14 isoenzyme loci. The differences between SLE virus activity in south-central Florida and the lack of activity in north Florida may then be due to one or a combination of the following factors: the presence of viremic bird populations, the presence or absence of ampliÞcation hosts, or other factors rather than mosquito vector genetic variation. 
